The spin Hall effect couples charge and spin transport 1-3 , enabling electrical control of magnetization 4,5 . A quintessential example of spin-Hall-related transport is the anomalous Hall effect (AHE) 6 , first observed in 1880, in which an electric current perpendicular to the magnetization in a magnetic film generates charge accumulation on the surfaces. Here, we report the observation of a counterpart of the AHE that we term the anomalous spin-orbit torque (ASOT), wherein an electric current parallel to the magnetization generates opposite spin-orbit torques on the surfaces of the magnetic film. We interpret the ASOT as being due to a spin-Halllike current generated with an efficiency of 0.053 ± 0.003 in Ni 80 Fe 20 , comparable to the spin Hall angle of Pt 7
. Similar effects are also observed in other common ferromagnetic metals, including Co, Ni and Fe. First-principles calculations corroborate the order of magnitude of the measured values. This work suggests that a strong spin current with spin polarization transverse to the magnetization can be generated within a ferromagnet, despite spin dephasing 8 . The large magnitude of the ASOT should be taken into consideration when investigating spin-orbit torques in ferromagnetic/nonmagnetic bilayers.
The spin Hall effect can convert a charge current into a perpendicular flow of spin angular momentum, that is, a spin current 9 . One of its manifestations in a magnetic conductor is the anomalous Hall effect (AHE) 10 , illustrated in Fig. 1a . Due to an imbalance of electrons with spins parallel and antiparallel to the magnetization, the flow of spin current results in charge accumulation on the top and bottom surfaces. The spin current in this configuration is polarized parallel to the magnetization [11] [12] [13] . Applying similar considerations to the configuration illustrated in Fig. 1b , in which the electric current is parallel to the magnetization, a spin current can also be generated, except with electron spins transverse to the magnetization. In single-layer ferromagnets with bulk inversion symmetry, the transversely polarized spin current does not give rise to a bulk spin-orbit torque (ferromagnets with broken bulk inversion symmetry have been shown to exhibit a non-zero bulk spin-orbit torque 14, 15 ). Instead, we predict that it will result in a net anomalous spin-orbit torque (ASOT) on the top and bottom surfaces, where inversion symmetry is broken (Supplementary Note 1). It should be noted that the term 'anomalous' here does not mean the ASOT has different behaviour from conventional spin-orbit torque 4 (the two have the same symmetry), but rather is used to illustrate its similarity to the AHE. Both ASOT and AHE are spin-orbit-interactioninduced phenomena that can be observed in single-layer magnetic conductors, under the different current and magnetization configurations illustrated in Fig. 1a,b .
Interconversion between transversely polarized spin current and charge current has been studied recently in ferromagnetic multilayers [16] [17] [18] [19] with considerable spin-charge conversion efficiency. Due to strong spin dephasing 8, 20 , a transversely polarized spin current decays rapidly near the surface of the ferromagnet, so it is difficult to distinguish whether the spin-charge conversion observed in these studies is due to interfacial 21 or bulk spin-orbit interaction. Recently, it has been theoretically predicted that transversely polarized spin currents are allowed in diffusive ferromagnets 22 . In this Letter, we show that a transversely polarized spin current can also exist in ferromagnets in the clean limit. We refer to the mechanism of the current-induced transversely polarized spin current in the bulk ferromagnet as the transverse spin Hall effect (TSHE) (see Supplementary Fig. 2 for comparison with the longitudinal spin Hall effect in a ferromagnetic metal 11 ). Under the assumption that the current-induced ASOT in a ferromagnet results in a small perturbation to the magnetization, the ASOTs are equivalent to effective magnetic fields in the z direction 23 that tilt the magnetization out of plane, as illustrated in Fig. 1b . The out-of-plane magnetization tilting, m
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Because exchange coupling in the ferromagnet aligns the magnetization, the spatially antisymmetric magnetization tilting is expected to be measurable when the magnetic material is thicker than the exchange length (for example, 5.1 nm for Ni 80 Fe 20 ). A simulation of the out-of-plane magnetization distribution due to ASOT in a 32 nm Ni 80 Fe 20 (Py) film is shown in Fig. 1c .
To observe ASOT, we fabricated a sample with the following structure: substrate/AlO x (2)/Py(32)/AlO x (2)/SiO 2 (3), where the numbers in parentheses are thicknesses in nanometres. The substrate is fused silica, which allows optical access to the bottom of the sample. Py is chosen because it is magnetically soft and widely used for the study of spin-orbit torques. The film is lithographically patterned into a 50 μm × 50 μm square and connected by gold contact pads, as shown in Fig. 2a . When an electric current I of 40 mA is applied directly through the sample, ASOTs at the top τ I surfaces lead to non-uniform magnetization tilting, as described by equation (1) . When a calibration current I cal of 400 mA is passed around the sample, an out-of-plane Oersted field μ 0 h cal ≈ 0.85 mT is generated that uniformly tilts the magnetization out of plane, which is used for calibrating the magnitude of the ASOTs:
We detect the magnetization changes using the polar magnetooptic Kerr effect (MOKE) by measuring the Kerr rotation θ k and ellipticity change ε k of the polarization of a linearly polarized laser reflected from the sample 24, 25 . The penetration depth of the laser in Py is ~14 nm, which is less than half the thickness of the 32 nm Py. Therefore, the MOKE response is more sensitive to the ASOTinduced out-of-plane magnetization m ASOT z z ð Þ I on the surface on which the laser is directly incident.
The Kerr rotation due to ASOT as a function of the external field (shown in Fig. 2c,d ) resembles a magnetization hysteresis, as can be understood from equation (1) . The overall offsets of the Kerr rotation signals are due to a residual, current-induced out-of-plane Oersted field due to imprecision in positioning the MOKE probe spot exactly at the centre of the sample (see Supplementary Fig. 5b for MOKE signal dependence on the laser spot position) and do not depend on the in-plane magnetization orientation 23 . In contrast, when a uniform calibration field h cal is applied, the Kerr rotation is symmetric as a function of external field H ext (Fig. 2e,f) , consistent with equation (2). Our phenomenological model (Fig. 1c) predicts ASOT at the top and bottom surfaces to have the same magnitude but opposite directions, leading to opposite magnetization tilt at the two surfaces. Because we flip the sample to make the measurement of the bottom surface, the ASOT-induced Kerr rotation measured on the top (Fig. 2c) and bottom ( Fig. 2d ) surfaces are the same sign. In contrast, the Kerr rotation due to the calibration field (Fig. 2e ,f) changes sign because h cal is reversed on flipping the sample.
As shown in Fig. 3a , the MOKE response due to ASOT is linear with applied electric current, indicating no significant heatingrelated effects up to 5 × 10 10 A m −2 current density. As shown in Fig. 3b , the polar MOKE response exhibits a cosine dependence on the relative angle between the electric current and the magnetization, consistent with equation (1) .
To confirm that the ASOT depends on the current density, we grew a series of AlO x (2)/Py(t)/AlO x (2)/SiO 2 (3) films on silicon substrates with 1-μm-thick thermal oxide, where t varied from 4 nm to 48 nm. For all samples, we apply the same current density of 5 × 10 10 A m −2 , and use MOKE to quantify the ASOT. To fit the measured MOKE results, we use a propagation matrix method 24 (see Methods and Supplementary Note 5) to numerically simulate the MOKE signal as a function of the Py thickness. As presented in Fig. 3c , the validity of the method is first verified by a thickness-dependent calibration measurements, where a uniform 0.85 mT out-of-plane calibration field is applied to all samples. To extract the ASOT amplitude, the top-surface Kerr rotation and the ellipticity change due to the ASOT is fitted in Fig. 3d . The only free fitting parameter is the ASOT on the top surface, τ
, which is assumed to be the same for all Py thicknesses under the same current density and to have equal magnitude and opposite sign as the ASOT on the bottom surface τ , where e is the electron charge, j e is the electric current density and ħ is the reduced Planck constant; this efficiency is comparable to the effective spin Hall angle of Pt (0.056 ± 0.005) measured in a Pt/Py bilayer 7 . The corresponding ASOT conductivity for 32 nm Py is
, where
E is the applied electric field. In Fig. 3d , the deviation of the ASOT-induced Kerr ellipticity from the model for the 4 nm Py sample can be accounted for if a 1% variation between τ
is assumed, which may be due to a slight difference in spin relaxation at the two interfaces (Supplementary Note 6).
Given that ASOT results in magnetization changes near the surface, the extracted ASOT values may be influenced by spin-orbit interaction at the interface with the capping layer 19, 26, 27 . To determine the relative contribution of such interface effects, we compare the ASOT at the top surface of the AlO x (3)/Py(32)/AlO x (3) sample with the total spin-orbit torque (SOT) in a series of control samples, AlO x (3)/Py(4)/Cap, where Cap is varied among AlO x (3), AlO y (3, different oxidation time), SiO 2 (3), Cu(3)/SiO 2 (3) and Al(3)/ SiO 2 (3). These capping layer materials are often assumed to have weak spin-orbit interaction because they are light elements, but they will change the electrostatic properties and band structure of the top interface. The bottom surface is the same as for the 32 nm Py sample. Because Py is only 4 nm in these control samples (thinner than the exchange length), the magnetization uniformly responds Letters Nature NaNotechNology to the total SOT, which is a sum of the ASOTs at the top and bottom surfaces τ
. Interfacial spin-orbit effects, like the Rashba-Edelstein effect or interface-generated spin currents, are highly material-and structure-specific 21, 28 . For this reason, if either effect played an important role in the ASOT, we would not expect quantitatively, or even qualitatively, similar results for interfaces with substantially different characteristics (Supplementary Note 7) . Should there be a significant interface-dependence of the ASOT, a large total SOT will be observed in some of these control samples with asymmetric interfaces. As shown in Fig. 3e , all samples exhibit total SOT conductivities σ
of at most 4% of the bottom-surface ASOT conductivity of the 32 nm Py sample. This suggests that the top-surface ASOT, which varies less than 4% among Py with different capping layers, does not contain a substantial contribution from the interface of the Py with the capping layers.
The insensitivity of ASOT to the interface implies that it arises from the bulk spin-orbit interaction within the magnetic material. One possible mechanism is the TSHE illustrated in Fig. 1b . We evaluate the TSHE conductivity using the linear response in the Kubo formalism in the clean limit using density functional theory (DFT) 29, 30 ](see Supplementary Note 8 for technical details). Firstprinciples calculations for Ni, Fe and Co all show significant TSHE conductivities, as summarized in Table 1 . We also measure the ASOT conductivities of these materials experimentally (provided in Table 1 ). For comparison, we calculate and measure the AHE conductivities for these materials. If the ASOT is only due to the TSHE from the intrinsic band structure, the calculated TSHE conductivity should match the measured ASOT conductivity. As shown in Table 1 , the conductivities are similar in magnitude as those calculated, indicating that the intrinsic mechanism may significantly contribute to 
-120 -60 0 6 0 1 20 Table 1 and Supplementary Fig. 3 . The positive sign for the ASOT conductivity corresponds to the scenario that if the applied electric field is in the x direction, the generated spin current flowing in the z direction has spin moment in the y direction. Under this choice, the spin Hall conductivity of Pt is positive. fcc, face-centred cubic; bcc, body-centred cubic; hcp, hexagonal close-packed.
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Nature NaNotechNology the ASOT. However, the signs for Fe and Co are opposite between measured and calculated values; this may be because the intrinsic mechanism is not the sole source of ASOT and other mechanisms should be taken into account. By analogy with the AHE, we expect that extrinsic mechanisms such as skew scattering 10, 31 can also contribute to generating transversely polarized spin current and hence ASOT (Supplementary Fig. 10 ).
The existence of ASOT may change the conventional understanding of spin-orbit torques in magnetic multilayers. As an example, we study a SiO 2 /Py/Cu/Pt multilayer; here, an electric current can generate a net spin-orbit torque acting on the Py magnetization. The net spin-orbit torque is the superposition of spin-orbit torques at the two surfaces of the Py layer. Although the Pt or the Pt/Cu interface is often thought to be the source of spin-orbit torque in such systems, we find experimentally that the spin-orbit torque at the SiO 2 /Py interface is much larger than that at the Py/Cu interface, as shown in Fig. 4 . This is because the spin-orbit torque at the Py/Cu interface is a superposition of ASOT in the Py and the external spin-orbit torque due to spin current generated from the Pt, the two of which are in opposite directions. Therefore, although the total spin-orbit torque appears to be consistent with the spin Hall angle of Pt, the actual spin-orbit torque at the SiO 2 /Py interface is in fact greater than that at the Py/Cu interface.
Although the total ASOT equals zero in an isolated magnetic layer with symmetric surfaces, such symmetry is probably broken when a ferromagnet is in contact with a non-magnetic layer with strong spin-orbit coupling (Supplementary Note 10). If there is an asymmetry in the ASOT at the two surfaces of the magnetic layer, a net spin-orbit torque is expected, which contributes to the total spin-orbit torque in magnetic multilayers. This net spin-orbit torque, arising from the spin-orbit interaction of the ferromagnet itself, may have been overlooked previously. 
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